Background: Trichoderma reesei is the main filamentous fungus used in industry to 18 produce cellulases. Over the last decades, there have been a strong increase in the 19 understanding of the regulatory network controlling cellulase-coding gene expression in 20 response to a number of inducers and environmental signals. In this sense, the role of 21 calcium and the Calcineurin-responsive protein (CRZ1) has been investigated in 22 industrially relevant strains of T. reesei RUT-C30, but this system has not been 23 investigated in wild-type reference strain of this fungus.
Strains and media
T. reesei strain QM6aΔtmus53Δpyr4 was used as wild type (WT) strain in this 137 study and it was obtained from the Institute of Chemical Engineering (Viena University   138 of Technology, Viena, Austria) [37] . The strain was maintained in MEX medium (3% 139 (w/v) malt extract and 2% (w/v) agar)) at 30°C supplemented with 5 mM uridine for pyr4 140 auxotrophic selection [38] . T. reesei QM6aΔtmus53Δpyr4 wildtype and Δcrz1 141 (constructed as described below) strains were grown on MEX medium at 30°C for 7-10 142 days until complete sporulation. For gene expression assays, approximately 10 6 143 spores/mL from both strains were inoculated in Mandels Andreotti (MA) medium [39] 144 containing 1% (w/v) sugarcane bagasse, cellulose (Avicel, Sigma-Aldrich) or glycerol as 145 carbon source. For induction of gene expression in the presence of sugarcane bagasse, the 146 substrate in natura, gently donated by Nardini Agroindustrial Ltd., Vista Alegre do Alto, 147 São Paulo, Brazil, was previously prepared according to Souza et al. [40] . Mycelia from 148 both strains (WT and Δcrz1) were pre-grown in MA medium supplemented with 1% 149 (w/v) glycerol, in the presence and in the absence of 10 mM CaCl2, in orbital shaker at 150 30°C for 24 hours under 200 rpm. In these assays, MA medium presented a basal 151 concentration of 2.6 mM Ca 2+ to ensure the maintenance of fungal cellular viability and 152 growth. The obtained mycelia were harvested and transferred to MA medium 153 supplemented with 1% (w/v) sugarcane bagasse or cellulose (Avicel, Sigma-Aldrich) in 154 orbital shaker at 200 rpm, 30°C for 8 h. All experimental conditions described were 155 performed with three biological replicates. The resulting mycelia were collected by 156 filtration, frozen in liquid nitrogen and stored at -80°C for RNA extraction procedures. 157 Construction of crz1 deletion cassette and T. reesei genetic transformation 158 Deletion of crz1 gene from T. reesei QM6aΔtmus53Δpyr4 was performed as 159 previously described [41] . For this, we design a deletion cassette containing the pyr4 gene 160 (orotidine-5¢-phosphate decarboxylase gene of T. reesei -Trire_74020) as auxotrophic 161 selection marker. All sequences of this cassette are available at the T. reesei genome 162 database (https://genome.jgi.doe.gov/Trire2/Trire2.home.html) and the primers used in 163 this study were designed to contain overlapping regions to the components sequence of 164 the cassette (Additional file 1: Table S1 ). The deletion cassette is composed by 1226 165 base pairs (bp) upstream to the 5' crz1 CDS flanking region (Trire_36391) Purification Kit (Qiagen) and were stored at -20°C until T. reesei transformation.
189
Transformation of T. reesei was performed using 10 µg of the linearized deletion cassette 190 by protoplast fusion methodology [38] . Transformants were selected in MA medium 191 plates supplemented with 1% (w/v) glucose and 2% (w/v) agar (Sigma-Aldrich).
192
Selection was carried out in the absence of uridine. Genomic DNA was extracted to 193 confirm the cassette integration [46] . To verify the correct orientation of cassette 194 positioning in the positive transformants, it was performed two PCR reactions with 195 primers 5'Pcrz1 Check1/3'pyr4 Check 1 and 5'pyr4 Check 2/3'Tcrz1 Check 2 196 (Additional file 1: Table S1 , Additional File 2:Figure S1 A), which are specific for 197 pyr4 annealing regions and for external annealing regions into promoter and terminators 198 sequences. A PCR to confirm the deletion of the crz1 from T. reesei genome was 199 performed using the primers 5'crz1 ORF and 3'crz1 ORF (Additional file 1: Table S1 , genes whose expression were evaluated are available in Additional file 3: Table S1 . 210 Reactions were carried out at 95°C for 10 minutes, followed by 40 cycles at 95°C for 10 211 seconds and 60°C for 30 seconds in a Bio-Rad CFX96™ Real-Time System coupled to a 212 C1000™ Thermal Cycler (BioRad). Expression of target genes was normalized by the β-213 actin endogenous transcript levels for each RNA prevenient from the culture conditions 214 [47] . For sugarcane bagasse and cellulose expression quantification (for both in presence 215 or in the absence of 10 mM calcium chloride) the 2 -ΔΔCt method was employed [48] . The 216 quantification was relative to transcript levels observed in the WT and Δcrz1 strains 217 grown in glycerol for 24 h (for both in the presence or in the absence of 10 mM calcium 218 chloride).
219
Enzymatic activity assays 220 The activity of β-glucosidases and β-xylosidases were measured as the capacity 221 of hydrolyzing pNPG and pNPX substrates as previously described [20, 49, 50] .
222
Endoglucanase activity was determined using Carboxymethylcellulose (CMC) (Sigma- substrate at 50°C for 30 minutes. After incubation, we mixed 75 µL of DNS and heated 233 the reactions at 95°C for 5 minutes to visualize the effects of reduction of dinitrosalicylic 234 acid. Absorbances were carried at 540 nm. One unit of enzyme was defined as the amount 235 of enzyme capable of releasing 1 µmol of reducing sugar per minute [53] .
236

Results
237
Identification of CRZ1 binding motifs in T. reesei promoters 238 We first investigated the existence of putative binding sites for CRZ1 in T. reesei 239 holocellulases and calcium and sugar transporter promoters using the defined sequence 240 for S. cerevisiae. For this, we selected 30 genes related to biomass degradation in plant 241 cell wall through proteins secreted by T. reesei, such as cellulases, hemicellulases and 242 sugar transporters, as well as calcium transporters and TFs which play a significant role 243 in this process. In this sense, we were able to identify potential cis-regulatory elements 244 for CRZ1 in 24 of these sequences, as represented in Figure 1A-B . Interestingly, the 245 major numbers of potential cis-regulatory elements for CRZ1 were observed in cre1 and 246 cel7a genes as well as for Trire_56440 and Trire_58952 calcium transporter proteins 247 promoters ( Figure 1C) . We also observed that the promoter of crz1 gene harbors 3 248 potential cis-regulatory elements in antisense orientation, suggesting that CRZ1 plays 249 autoregulation at transcriptional level ( Figure 1C) . Taken together, these results 250 evidenced the existence of putative binding sites for CRZ1 in several genes related to 251 gene regulation, biomass and calcium transport, highlighting the potential role of this TF 252 in the regulation of these genes.
253
CRZ1 and Ca 2+ synergistically regulates TFs and cellobiohydrolase coding genes 254
Once we have identified putative binding sites for CRZ1 at promoter regions of 255 the genes of interest, we tried to understand how carbon source, as well as Ca 2+ 256 supplementation, could modulate the transcription of these genes in the wild type and 257 Δcrz1 mutant background. In this sense, we observed that under exposure to SCB, the 258 expression of xyr1 was positively modulated in the wild type strain of T. reesei by the 259 supplementation of 10 mM Ca 2+ to the medium (Figure 2A) . However, this stimulatory 260 effect was lost in the T. reesei Δcrz1 strain, indicating that this process was completely 261 dependent on CRZ1. Additionally, the same effect was observed when Avicel was used 262 as inducer (Additional file 4: Figure S1 A). In the case of cre1, we observed only minor 263 changes in the expression of this TF under all conditions tested, with a small but 264 significant reduction in its expression in the wild type strain upon Ca 2+ induction or 265 between wild type and Δcrz1 strain without the exposure to this ion ( Figure 2B ). Yet, 266 when its expression was assayed under Avicel exposure, no significant change was 267 observed between any condition analyzed (Additional file 4: Figure S1 B). It is worth 268 to notice that while putative CRZ1 binding sites were identified at both xyr1 and cre1 269 promoters ( Figure 1C ), only the former seems to be significantly regulated by this TF 270 under the conditions analyzed here.
271
Since we identified putative CRZ1 binding sites in crz1 promoter, we were also 272 interested in investigate how CRZ1-mediated autoregulation in T. reesei was related to 273 carbon source availability. In this sense, Figure 2C shows the result only for wild type 274 strain of T. reesei with or without Ca 2+ exposure. As shown by the figure, under SCB 275 induction, the expression levels of crz1 were higher than those obtained after cellulose 276 induction. In addition, after supplementation of the medium with 10 mM Ca 2+ , the 277 expression of this gene decreased in the presence of SCB, suggesting that Ca 2+ may exert 278 a modulatory effect on CRZ1 autoregulation. 279 Since we observed that xyr1 expression was induced by Ca 2+ in a CRZ1 dependent 280 manner, we next evaluated the role of these two components in the expression of cel6a 281 and cel7a, the two major cellobiohydrolases from T. reesei. We found that Ca 2+ 282 supplementation resulted in a significant increase in cel6a and cel7a induction both under 283 exposure to SCB (Figure 2D -E) and Avicel (Additional file 4: Figure S1 C-D). 284 Additionally, deletion of crz1 resulted in a significant reduction in this stimulatory effect, 285 even though this was not completely abolished. Taken together, these results indicated 286 that CRZ1 and Ca 2+ synergistically control the expression of celobiohydrolases coding 287 genes under SCB and Avicel exposure, and highlight that an additional Ca 2+ -dependent 288 and CRZ1-independent mechanism could take part in this process.
289
Other cellulases genes are also key of regulation by CRZ1 and Ca 2+
290
Since we observed that CRZ1 is capable to modulate xyr1 expression levels, we 291 next investigated how the expression of xylanase coding genes was modulated as a result 292 of such effect mediated by CRZ1. Thus, under exposure to SCB, we observed a significant 293 increase on the expression of these genes induced by the simple supplementation with 294 Ca 2+ (Figure 3A-E) . Additionally, the deletion of crz1 was not able to result in 295 differences on the expression of these genes, but we detected a loss in their expression in 296 the T. reesei Δcrz1 strain after Ca 2+ supplementation. Taking in advantage of these 297 results, our findings suggest that the regulation of xylanase genes under SCB exposure is 298 modulated by Ca 2+ in a synergistically CRZ1-dependent mechanism, highlighting the 299 relevance of this TF on a complete background concerning gene regulation in the wild 300 type strain of this fungus. Interestingly, no effects were observed when Avicel was used 301 as inducer, since none differential expression was detected under cellulose exposure 302 (Additional file 5: Figure S1 A-D) . 303 The Ca 2+ -CRZ1-independent but synergistic mechanism was also observed when regulation, such mechanism of cooperation was so remarkable that only one of the studied 307 genes (cebl3b) was modulated by CRZ1 alone (without Ca 2+ ) ( Figure 4D) . Interestingly, 308 in opposite to the main cellulases of T. reesei (cel6a and cel7a), β-glucosidases gene 309 control tends to respond more effectively to cellulose stimuli, highlighting the role of 310 these enzymes on plant cell wall deconstruction. It is also worth to notice that β-311 glucosidases coding genes were the class of genes which we identified the major number 312 of putative CRZ1 binding sites in our in silico analysis, providing us an hypothesis of 313 why these genes are more responsible to cellulose than other known strongly expressed 314 genes (cellobiohydrolases).
315
The most heterogeneous effect on holocellulases expression was noticed for 316 endoglucanase coding genes expressed in SCB, as shown by Figure 5A -D. In this 317 condition, we observed a Ca 2+ -CRZ1-independent decrease on endoglucanases 318 expression ( Figure 5A) , a synergic Ca 2+ -CRZ1-independent effect which resulted in a 319 increase on expression (Figure 5B,D) and finally, a positive modulation exclusively 320 mediated by CRZ1 which loses its potential in a Ca 2+ -synergic mechanism (Figure 5C) . 321 Interestingly, after cellulose induction, the Ca 2+ -CRZ1-independent but synergistic 322 mechanism was capable to potentialize the expression of only cel7b gene (Additional 323 File 7: Figure S1 B) . 324 The effect of Ca 2+ and the deletion of crz1 on accessory proteins expression was also 325 investigated in our study, as shown for the lytic polysaccharide monooxygenases (LPMO) 326 cel61a and swo (swollenin, an expansin-like protein) genes. In this way, we also observed 327 8 the effect of a synergistic Ca 2+ -CRZ1-independent mechanism that may positively 328 regulate the expression of these genes in both SCB (Figure 5E-F Once the role of Ca 2+ is clearly related to the CRZ1 regulatory role in T. reesei 333 [26], we decided to investigate whether calcium transporters were target of modulation 334 by CRZ1. After both SCB and cellulose growth, we observed that the deletion of crz1 335 elicited a loss in transcription of these genes in the presence of SCB (Figure 6B-C Figure S1 B-D) . In spite of CRZ1-independent modulator effect, it is also worth to notice 338 that Ca 2+ synergistically to this TF was able to cause a decrease on the expression of such 339 genes predominantly in SCB (Figure 8A-C) in comparison to cellulose (Additional File 340 8: Figure S1 B) . Interestingly, our in silico analysis also evidenced the occurrence of 341 putative CRZ1 binding sites in promoter regions of these genes, suggesting that calcium 342 homeostasis is precisely regulated at genomic levels by CRZ1, mainly under stress 343 conditions.
344
.
345
Finally, once we observed that carbon source could influence the transcription of 346 holocellulases genes in T. reesei in Δcrz1 strain, we studied the effects of crz1 knockout 347 on the expression of sugar transporter genes both after SCB and cellulose induction.
348
Interestingly, our results showed that CRZ1 itself plays a regulatory role on the expression 349 of these genes in the presence of complex substrates, since we detected a significant loss 350 on their expression in SCB (Figure 6D-F) . At the same conditions, we also observed a 351 double effect on the synergic Ca 2+ -CRZ1-independent mechanism. In this sense, Ca 2+ 352 allied to CRZ1, was able to significantly decrease the expression of Trire_50894 and 
Effect of crz1 deletion on enzymatic activity of holocellulases 359
The analysis of the culture supernatants where the QM6a wild type and Δcrz1 360 strains were grown showed that the activity of cellulases (β-glucosidases and 361 endoglucanases) was always superior in the supernatants from Δcrz1 strain in comparison 362 to the QM6a strain, regardless the carbon source that we evaluated (Figure 7A-B , 363 Additional file 10: Figure S1 A-B) . In these assays, Ca 2+ supplemenation was able to 364 increase the enzymatic activity of all tested supernatants, mainly for endoglucanases, as 365 we were not able to detect any enzymatic activity in the QM6a strain even in the presence 366 of 10 mM Ca 2+ for both carbon sources that we investigated. (Figure 7C) . Interestingly, the enzymatic activities of supernatants 371 whose QM6a strains were grown after Ca 2+ addition were higher in presence of SCB 372 (Figure 7C-D) and presented a decrease in cellulose induction (Additional file 10: showing that this carbon source is a potential activator of holocellulases production in 396 this fungus. Despite RUT-C30 genome does not harness a cre1 functional sequence, we 397 verified here that for T. reesei QM6a, SCB was either the carbon source which 398 preferentially elicited a higher holocellulases transcriptional response (Figure 8A) .. 399 Interestingly, our results also show that CRZ1-mediated regulation was not 400 limited to lignocellulose degrading enzymes coding genes, but also intersected the 401 regulatory network that coordinates holocellulases expression in the T. reesei QM6a.
402
Therefore, we report that CRZ1 can modulate the transcript levels of relevant TFs such 403 as XYR1 and CRE1 (inactive in RUT-C30 background), which in turn, can modulate 404 cellulases and xylanases expression overall in this specie. This is specially interesting 405 when we consider CRE1 repressor role on cellulases transcription, suggesting that deeper 406 studies highlighting the interaction between CRZ1 and CRE1 may be a suitable strategy 407 to engineer T. reesei as an industrial chassis for cellulases production.
408
Taking these facts in advantage, our data suggest a mechanism of synergy between 409 the regulatory role of CRZ1 and the potential effect caused by Ca 2+ upon the expression 410 of holocellulases genes. In summary, we observed a major number of differentially 411 expressed genes in presence of SCB supplemented with Ca 2+ in comparison to cellulose 412 exposure at the same Ca 2+ concentration (Figure 8A) , endorsing the previously reported 413 effect of carbon source on modulation of T. reesei transcriptional profile [20] . In addition, 414 these evidences corroborate the suggested synergic mechanism between CRZ1 and Ca 2+ , Chen et al. [26] reported the influence of 5 mM Ca 2+ on the transcription of relevant 420 industrial genes of T. reesei RUT-C30, such as cbh1 and xyr1. In our study, 10 mM Ca 2+ 421 was able to potentialize the expression of xyr1 at the first 8 hours of induction. This result 422 is in contrast to previous findings reported by Chen et al. [26] , whose study showed the 423 first 6 hours of cellulose exposure as inefficient to increase expression of xyr1 in the 424 industrial strain of T. reesei. In conclusion, here we suggest that a higher Ca 2+ 425 concentration could elicit a faster gene activation in the presence of cellulose. In this sense, our data emphasize that Ca 2+ is crucial for the transcription of such 449 genes and this bivalent ion significantly contributed to the increase of transcript levels 450 analyzed in our work through stimuli on Calmodulin/Calcineurin pathway. Furthermore, 451 we were able to observe that Ca 2+ seems to be critical for the expression of many 452 holocellulases, Ca 2+ and sugar transporter coding genes more directly than the carbon 453 source whose fungal growth was previously established. Albeit the effect of SCB on 454 enzymes expression, Ca 2+ and sugar transporter proteins had already been reported in a (Figure 8B) . These evidences strongly suggest that the synergic mechanism played by 468 CRZ1 and Ca 2+ is required for holocellulases and transporter coding genes expression in 469 T. reesei QM6a even not in the presence of stress conditions. In addition, our data also 470 assert that CRZ1 activation is pivotal for gene regulation, but Ca 2+ is determinant for an 471 increasingly modulation (positive or negative) on gene expression levels, claiming at the 472 necessity of deeper studies on indirect holocellulases regulation in T. reesei.
473
Conclusions
474
In this study, we highlight the major perspectives of bioinformatic approaches to 475 extend our knowledge and expertise to engineer fungi for industrial applications. In Trire_50894  Trire_74057  Trire_79202  Trire_55731  Trire_56440  cel3d  cel3e  cel61a  cel1a  swo  xyr1  cel6a  cel74a  xyl3b  bxl1  cel3b  cre1  cel45a  cel5b  cel7b  cel3c  Trire_60945  xyn1  cel7a  xyn4 
